Abstract
Introduction
Multiple sequence alignment methods allow the detection of common patterns in protein families, helpful in suggesting primers for polymerase chain reaction (PCR) of fragments of homologous genes, in understanding molecular evolution or in predicting secondary and tertiary structures. These alignment methods are based on the fact that homologous proteins tend to maintain sequence similarity within core domains and active sites. So, it is often possible to identify structurally conserved regions (SCRs) between related proteins even when overall sequence similarity is low. Quite a lot of laborious, time-and money-consuming experimental work relies on hypotheses raised from multiple alignment, but users are not always aware of the limited reliability or sensitivity of the methods used.
Few developers have attempted to evaluate multiple alignment methods. A few years ago, McClure et al. (1994) published a comprehensive review of protein sequence alignment methods. The authors emphasized two distinct biological approaches in aligning protein sequences: one attempts to align homologous (ancestrally related) motifs, while the other attempts to align functionally or spatially equivalent residues in a protein family. Their study stressed the ability of the methods to identify correctly short motifs found in four sets of homologous proteins. On the other hand, other authors evaluated multiple alignment methods using structural alignments of homologuous proteins (Barton and Sternberg, 1987a,b; Subbiah and Harrison, 1989) . Recently, Gotoh (1996) compared four alignment methods and four substitution matrices on a wide set of structure alignments. He has illustrated the relationship between the rate of sequence identity and the rate of correctly aligned residues, which dramatically decreases below 30% identity. Also, Henikoff and Henikoff (1997) and Tatusov et al. (1994) evaluated the quality of multiple alignments by their ability to identify new family members in databases searches.
It seems that the selectivity of alignment methods has not yet been evaluated, in spite of the fact that a low selectivity generates 'false-positive' alignments which may lead to erroneous hypotheses and seriously affect the subsequent experimental work. In this paper, we compare the features of servers currently available on the Web in order to suggest some clues to improve prediction quality and reliability. We have tested the ability of the alignment methods to identify correctly SCRs within a family of proteins of known structures, of the same functionality and containing a common structural core. As it is now obvious that protein sequences which share >50% amino acid residue identity can usually be unambiguously aligned by many methods (McClure et al., 1994) , we have selected test families of known structure including at least one weakly related sequence. So, the test alignments used here show a global, but low sequence similarity.
A multiple alignment is, in principle, more efficient in delineating conserved regions than a pairwise alignment, because the variability between related sequences helps in focusing the algorithm on similarities corresponding to structurally and structurally essential features. So, in a second set of tests, we have added related sequences in each family to evaluate whether this additional information would improve the SCR predictions.
A user now getting easy access to several methods to solve alignment problems will probably try all the available methods and want to compare the outputs obtained. So, we have also investigated whether the consensus between two different methods would increase the prediction reliability substantially.
Systems and methods
We have compared the performances of seven servers currently available on the Internet (http://dot.imgen.bcm.tmc.edu:9331/multi-align/multi-align.html). Corresponding URLs are listed in Table 1 . The methods tested include 'on-line' servers: ClustalW (Thompson et al., 1994) , MAP (Huang, 1994) , PIMA (Smith and Smith, 1992) , Block Maker (Henikoff et al., 1995) , MSA (Lipman et al., 1989) and 'Email' servers: MEME (Grundy et al., 1996) and Match-Box Feytmans, 1991, 1992; Depiereux et al., 1997) . This choice of servers covers the two methodological categories: global (ClustalW, MAP, PIMA, MSA) and local (MEME, Block Maker, Match-Box) alignment methods. From the seven servers tested, 11 different outputs were compared, several servers presenting alternative outputs. PIMA proposes two alignments relying on two different ways to calculate their tree branching: PIMA_ML (maximum linkage) and PIMA_SB (sequential branching). Block Maker provides two different collections of blocks from the Gibbs (Lawrence et al., 1993) and Motif (Smith et al., 1990) methods. MatchBox supplies a reliability score r (1≤ r ≤ 9) for each position of the aligned region . Outputs were thus analysed separately for results gathered at three levels of decreasing reliability: r≤ 4, r≤ 5, r≤ 9. These levels are referred to as MB1, MB2 and MB3, respectively. All methods were used with the default parameters provided by the authors.
Twenty families of sequences with known structures have been selected according to the following criteria: (i) one family is composed of at least three proteins of known structure, (ii) with the same functionality, (iii) sharing a representative common core and (iv) at least one of the sequences included in each family shares a low percentage of identity with another sequence. Structures used, including all-alpha, all-beta and alpha-beta folds, were extracted from the Brookhaven Protein Databank (PDB) (Abola et al., 1987) . The common core of each test family is defined as a set of SCRs, initiated by superimposing the backbone of the major elements of secondary structure of the less similar pair of sequences. Afterwards, each SCR was extended as far as the root mean square (RMS) computed between α-carbons on the whole SCR remains <1.8 Å. Then the other proteins of the family are progressively aligned and the common SCR limited to the set for which all the pairwise comparisons produce an RMS of <1.8 Å. SCRs usually include the major elements of secondary structure, some turns and stretches of amino acids that form the active site. Structural superimposition and RMS computation have been performed by the Insight© and Homology© programs of Molecular Simulations (San Diego, CA). The percentage of identities reported for each family is computed, after the structural alignment, as the number of residues conserved in all the sequences at the same position, divided by the longest sequence length. The structural alignment of each test family, carefully checked and refined, will be referred to as the standard in the comparison of sequences to evaluate the performances of the servers. The 20 alignments can be obtained automatically by sending the message 'send: cabios_tests.txt' by e-mail to 'matchbox@biq.fundp.ac.be'. The list of the 20 families with their characteristics is presented in Table 2 of this publication and in Table 1 of the article by Depiereux et al. (1997) . Table 2 . Eleven among the 20 families of known structure used to evaluate the performances of the servers. This table completes Table I of Depiereux et al. (1997) . (a) Number of residues in the common core. (b) References to the structure alignments: FLPC server (Altman and Gerstein, 1994 The limitations imposed by the MSA server (Table 1 : 800 residues or 10 min of CPU) led us to define a subset of tests for MSA limited to 10 families [five starred entries in Table  2 of this publication and five entries (1, 3, 4, 6 and 7) of Table  1 of Depiereux et al. (1997) ] summing up to 800 residues. In order to test the MSA program further, Version 2.1 of the program was installed on a local Silicon Graphics Indigo2 (R4400) under IRIX5.3. This version of MSA used with default parameters provided alignments for 17 families.
To compare global sequence alignments, predicted structurally conserved regions (pSCRs) are defined as the segments aligned in all the sequences and not disrupted by gaps. For Match-Box, Block Maker and MEME, the definition of pSCRs is restricted to the regions explicitly defined by the methods as boxes, blocks or motifs, respectively.
In a first set of tests, the alignments obtained from each server were compared with the structural alignment as described elsewhere . Briefly, the performances of a given method applied on a given family are evaluated by the following relationships:
S being the cumulated length of the SCRs, s the cumulated length of the pSCRs and I the cumulated length correctly predicted. Hence (100 -confidence) represents the proportion of 'false-positive' results in alignments.
In a second set of tests, we tripled the number of related sequences, by adding two sequences sharing ∼80% identity to each sequence of known structure. Sequences were extracted from the HSSP database (Sander and Schneider, 1991) , or fetched by a BLAST search (Altschul et al., 1990) when not available in the HSSP database. This triple number of sequences were submitted to each server. The sequences of proteins of known structure were extracted from the results and their alignment compared to the structural alignment. Performances are expressed according to equations (1) and (2).
In a third set of tests, we delineated the consensus pSCRs from the outputs of two different methods, for each combination of methods. The consensus pSCRs are compared to the alignment of structures and the performances expressed according to equations (1) and (2).
Results

Comparison of the performances on 20 test families of known structures
Observed performances are obviously globally low and essentially related to the rate of identity i in the sequences to be aligned. Figure 1 shows the relationship between power and confidence for the different methods. Test families have been grouped according to three levels of i (i < 10%, 10%≤ i <20%, i ≤20%) represented in white, grey and black, respectively. The study of the relationship between power and confidence reveals a classification of the methods into three categories. (i) Type I methods. For ClustalW, MAP and PIMA ( Figure  1 , first column), power and confidence are related by a quite linear relationship. Both are low when the rate of identity is low, and increase as the latter raises. For each method, several test families belonging to the category i < 10% (white) show a rate of confidence below 50%. PIMA achieves the worst score with five tests under this limit. On the other hand, type I methods achieve the best overall rate of power with 50% of the tests over 80% of power. Results obtained for the 10 tests processed by the MSA server (not shown) are close (± 1%) to those of ClustalW. (ii) Type II methods. For Block Maker and MEME ( Figure  1 , second column), the rate of power is substantially lower, with >50% of the tests below 50% of power. Confidence is, however, higher for some tests, but remains low for others. It is noteworthy that this criterion is not clearly related to the rate of identity, some good performances being observed in the category i < 10% (white) and some of the worst in the category i≤ 20% (black). Performances thus seem a priori unpredictable. (iii) Type III method. For Match-Box (Figure 1 , third column), the rate of confidence is globally much higher, with 50% of the tests over 85% of confidence. Only tests belonging to the category i < 10% (white) are found below 70% of confidence. Moreover, the lowest performances are observed only for results obtained with a low reliability score (MB3). There are several tests for which a low power is observed, but these tests also display very high confidence. Mean values for power and confidence for each method are presented in Figure 2 . On average, it is observed that the type I methods, which correspond to global alignment methods, give relatively large power with low confidence. The type III method displays large confidence with variable power, and the type II methods correspond to a hybrid situation between methods of type I and III.
Comparison of the performances after adding related sequences in each set
In order to test whether additional sequences would improve the performances observed in the first set of comparisons, two related sequences have been added for each sequence of known structure and the triple set of sequences was submitted to each server, except for MSA, which is too limited in size. Table 3 shows that only the MEME server provides substantially improved results in terms of power, this observation being independent of the rate of identity (data not shown). On the other hand, Match-Box significantly gains an average of 10 points in confidence, with a decrease in power. Other methods display non-significant mean change, except for a slight significant increase in confidence for ClustalW.
Several methods provide completely misaligned outputs (ClustalW, PIMA) or no result at all (Block Maker, MAP) for some tests; consequently, power and confidence are null in these cases. These failures have been removed (n < 20 in Table 3 ) in order to keep more interpretable values for means and SEM. Only MEME and Match-Box provide results for the complete set of tests. 
Results obtained from consensus alignments
The consensus multiple alignment obtained from two methods has been proposed to compensate for the failures of individual methods. Performances obtained with the consensus between two alignments are shown in Table 4 for each pair of methods. The intersection between methods of type II (Block Maker and MEME) with all the others provides the lowest rate of power (between 20 and 39% on average) and the highest confidence (>88%). The intersection between methods of type I (ClustalW, MAP, PIMA) shows the highest rate of power (>66%) and the lowest confidence (<88%, with a minimum of 68%). The intersection between Match-Box (all levels of reliability considered) and methods of type I provides intermediate results in terms of power and confidence. The intersection between ClustalW and MAP provides the highest power and reasonable confidence. Results also show a linear negative relationship between power and confidence for the 28 consensuses tested (correlation: -0.68, P < 0.001).
Discussion
This study compares different multiple protein sequence alignment methods currently available on the Web by relying on structure alignments of 20 protein families of known three-dimensional structures chosen as the 'gold standard'. Of course, this 'standard' is a biased subset of all natural proteins, reflecting only the problems that can be encountered when working on small, globular proteins. It does not reflect all problems that can be met in sequence alignment and it does not take into account cases of proteins whose structures are generally unknown, such as membrane proteins. It is designed to test the ability of alignment methods to detect global but low similarity between sequences as well as their selectivity. The only way to build test cases of this was to use alignments derived from known structures. The alignment sets, as described earlier, are collections of ungapped aligned regions (SCR). So, only ungapped regions of sequence alignments are evaluated. The percentage of identity defined from the multiple structural alignment provides a more restrictive evaluation than the one currently performed from pairwise sequence alignments. These percentages may thus appear relatively low. All these servers have been used with the default parameters: in the hands of experts in particular methods, or in particular sequence families, better results could certainly have been obtained. However, we try here to evaluate the servers placing them at an equal level, and as they are used by the majority of experimental workers in biochemistry and molecular biology.
The servers selected cover the global and local alignment methodologies. The standards designed for this study, due to the global similarity and the reduced number of sequences in each set, could not be fully adequate to test the performances of the last methods, particularly Gibbs and MEME.
Comparison of alignment methods with 3-6 sequences per test family
The decrease in the confidence rate observed may be explained by two types of errors. Either a pSCR elongates a shorter SCR (border effect or overestimation) or it misaligns segments with respect to the observed SCRs. Misalignment leads to more severe misinterpretation. MB1 only produces <10% overestimation of the SCRs. Block Maker produces both overestimation and misalignment, and MEME mainly misalignment problems. Indeed, at least one of the fragments of sequences included in an SCR was not correctly aligned in ∼30% of the pSCRs. When alignments provide hypotheses for difficult and expensive experimental work, a method providing the highest confidence rate is often best suited. In the light of these results, MB1 may be considered as the most reliable tool to design oligonucleotide primers for the isolation of a fragment of an unknown gene coding for a protein whose sequence is homologous to a set of available sequences. It is also particularly suited to suggest site-directed mutagenesis experiments in active sites (Bertrand et al., 1997) .
Block Maker and MEME servers have their own advantages. Blocks from Motif and Gibbs may be used as inputs to the LAMA server (Pietrokovski, 1996) performing local alignment of multiple alignments. By comparing the blocks from Motif and Gibbs with the BLOCKS and PRINTS databases, LAMA can identify protein families that share conserved regions similar to proteins of interest beyond the range of conventional sequence database searches. Besides its major role of discovering motifs, MEME is also the only method tested here handling repeats in protein sequences. Moreover, motifs from MEME can also serve as inputs to the MAST server which is a tool searching sequence databases for proteins that contain one or more of those motifs.The LAMA and MAST servers also offer detailed annotations showing the location and strength of the matches.
On the same set of tests (Figure 1 ), other methods (PIMA, MB3, ClustalW, MSA and MAP) yield a power which is twice as high as Block Maker and MEME, and display a similar confidence rate. However, when the methods exhibiting a high power rate are compared to MB1, the power rate attained by these methods is at the expense of the confidence rate. Indeed, while methods like MAP, ClustalW, PIMA and MSA manage to align correctly an increased number of residues, their outputs do not evaluate the alignment reliability. To improve their reliability, outputs of these methods should be submitted in a next step to an alignment analysis package like AMAS (Livingstone and Barton, 1993) , PLOTSIMI-LARITY and PRETTY of GCG (Devereux et al., 1984) , or SIMILARITY (Chapman, 1994) .
Although exhibiting a slightly lower power rate than MAP and ClustalW, the Match-Box server provides in a single run a reliability test for each position of the alignment. These confidence levels represent an important added value for the user involved in homology modelling by applying a constraint inversely proportional to the reliability score of the corresponding residue (Vinals et al., 1993 (Vinals et al., , 1995 . Chothia and Lesk (1986) reported a systematic comparison of structures from eight different protein families and showed that the extent of the structural changes is directly proportional to the extent of the sequence changes. Under these conditions, the tethering applied to the target protein during the modelling procedure should be proportional to the confidence level at each aligned position.
ClustalW provides a slightly higher power rate than MAP, but the latter yields an increased confidence level. This is due to the fact that when MAP does not detect a sufficient threshold of similarity between the input sequences, instead of giving an erroneous alignment, the non-homologous sequences are shifted apart. This phenomenon is even more obvious when non-similar sequences, as possibly fetched by a BLAST search, are added to the alignment (data not shown). Under these conditions, MAP, Block Maker and MEME will generally reject this outsider, while ClustalW, PIMA and MSA will always include it, which may lead to wrong conclusions due to the 'ghost' alignment obtained. Alternatively, Match-Box displays warnings before aligning sequences that appear non-significantly related.
ClustalW, MAP, MSA and MB3 gave better or similar power and confidence rates than PIMA. The two outputs of PIMA resulting from two different ways to calculate the tree before alignment (maximal linkage and sequential branching) gave almost identical results.
Multiple sequence alignments belong to the class of NPcomplete problems. This implies that algorithms called 'exact algorithms', which can find the optimal solution for any set of sequences, are likely to be inefficient when facing large alignment problems. The MSA server is the only exact algorithm tested in this study. MSA displayed performances that are similar to ClustalW. However, due to the amount of computation required, the MSA server can only align <800 residues or can be used during 10 min of CPU time. Version 2.1 of MSA, installed locally, provided alignments for 17 families. Those alignments were also similar to those of ClustalW (results not shown). McClure et al. (1994) showed that increasing the number of sequences from 6 to 10 usually increased the ability of most methods to identify motifs. However, this increase was accompanied by a decrease in the ability to merge correct subsets.
Comparison of the performances with an increased number of sequences
From our results, only MEME exhibited a significant increase in power (although lower than other methods), while its confidence rate remained similar. Also, the type of errors of MEME switched from misalignment to a mix of misalignment and overestimation. Match-Box gains in confidence, but its power decreases. Despite some differences between individual tests, the increase in confidence of this method is nearly systematic and correlated with the decrease in power. PIMA shows increased performances (P < 0.05) only for families with a low rate of identity (i < 10%) when tested separately. For other methods, averaged differences are not significant.
It thus seems that increasing the number of sequences may be prejudicial to the performances even when the additional sequences are similar. Adding sequences improves the power for MEME, the confidence for Match-Box, and both for PIMA only when the rate of identity is low. The effect of the addition of sequences on performances for other methods seems unpredictable.
The user must also be aware that adding more and more sequences to a set of proteins to be submitted to multiple alignment may uselessly load a server or overpass its limit. The results obtained may also be worse than those obtained with a carefully selected set of proteins. When the aim of the analysis is to point out structural features common to a group of structurally or functionally related proteins, the diversity of the set of sequences provides a high reliability when a suitable method is selected.
Increasing reliability by comparing alignments
Different algorithms generally converge to the same results for parts of the alignments that share a relatively high level of identities. Therefore, the user collecting outputs from different methods can improve the quality of his/her predictions tremendously by taking into account the consensus pSCRs, rather than by choosing empirically the alignment that 'looks better', with respect to its apparently more consistent pattern of gaps or the presence of some exciting motif. Furthermore, the user should refer to any other kind of information, such as biochemical experimental evidence or site-directed mutagenesis results, in order to validate pSCRs aligned by only one method.
Relationship between power and confidence
An optimal alignment method would reproduce the structural alignment exactly and exhibit performances of 100% power and 100% confidence. However, it clearly appears that this optimal situation is nearly obtained only for a high percentage of identity (superoxide dismutase family, 44% of identity). A lower level of identity [trypsin-like serine protease, 28%; and concanavalin A (ConA)-like lectins/glucanases, 26%] decreases scores on average to 90% of power and 76% of confidence for ClustalW, one of the best power providers, and to 80% of power and 84% of confidence for Match-Box (r ≤5), the method placing most emphasis on confidence. For methods of type I, power and confidence decrease linearly with the rate of identity, several tests falling below 50% for both criteria. For other methods, a higher reliability is always obtained, on average, at the expense of a lower rate of power. This means that few positions are aligned incorrectly, but these methods fail in detecting several observed SCRs. A negative relationship between power and confidence may be observed for Match-Box, where three decreasing levels of predicted reliability are correlated with an observed confidence decrease and power increase. It is also clear from Table 4 that the consensus between different methods produces results characterized on average by a negative correlation between power and confidence.
The average best rate of power obtained tends to be ∼70% (Table 4 ). This level of power being relatively limited, it thus appears crucial to provide the best level of confidence.
